a b s t r a c t YAP (Yes-associated protein) is a potent oncogene and a major effector of the mammalian Hippo tumor suppressor pathway. In this review, our emphasis is on the structural basis of how YAP recognizes its various cellular partners. In particular, we discuss the role of LATS kinase and AMOTL1 junction protein, two key cellular partners of YAP that bind to its WW domain, in mediating cytoplasmic localization of YAP and thereby playing a key role in the regulation of its transcriptional activity. Importantly, the crystal structure of an amino-terminal domain of YAP in complex with the carboxy-terminal domain of TEAD transcription factor was only recently solved at atomic resolution, while the structure of WW domain of YAP in complex with a peptide containing the PPxY motif has been available for more than a decade. We discuss how such structural information may be exploited for the rational development of novel anti-cancer therapeutics harboring greater efficacy coupled with low toxicity. We also embark on a brief discussion of how recent in silico studies led to identification of the cardiac glycoside digitoxin as a potential modulator of WW domain-ligand interactions. Conversely, dobutamine was identified in a screen of known drugs as a compound that promotes cytoplasmic localization of YAP, thereby resulting in growth suppressing activity. Finally, we discuss how a recent study on the dynamics of WW domain folding on a biologically critical time scale may provide a tool to generate repertoires of WW domain variants for regulation of the Hippo pathway toward desired, non-oncogenic outputs.
Introduction
YAP is a transcriptional co-activator and a major effector of the mammalian Hippo tumor suppressor pathway [1] . Upon activation of the Hippo pathway by cell-to-cell contacts, YAP becomes phosphorylated at various S residues, including S127, by a concerted action of two upstream kinases, MST and LATS [2] . The pS127 and the flanking residues in turn serve as a docking site for 14-3-3 proteins and the resulting interaction is primarily responsible for the cytoplasmic localization of YAP in response to activation of Hippo pathway [3] . Within the cytoplasm, YAP mediates pro-apoptotic signals. However, phosphorylation of S residues other than S127 is believed to lead to ubiquitination and proteosomal degradation of YAP, thereby down-regulating pro-apoptotic signaling through YAP [2] . Remarkably, the absence of phosphorylation of YAP at S127 serves as a signal for its translocation to the cell nucleus where it forms a complex with members of the TEAD family of transcription factors that drive transcription of growth-promoting and anti-apoptotic genes [1, 4] . Importantly, YAP is a bona fide oncogene. The amplification or over-expression of the YAP gene was demonstrated in human cancers of various organs, and YAP over-expression in mammalian cells was shown to elicit a plethora of oncogenic parameters [5, 6] . The nuclear localization of YAP in tumor biopsies correlates with poor prognosis for cancer patients [1, 2] .
As mentioned in previous chapters of this issue, the Hippo tumor suppressor pathway was originally delineated in Drosophila by genetic screening approaches [7] . YAP is the mammalian ortholog of Drosophila Yki, and MST kinase is the mammalian ortholog of the Drosophila Hippo kinase from which the name of the pathway was derived.
Several structural studies have provided valuable insight into the details of YAP signaling via complexes with partner proteins. In particular, the crystal structures of YAP in complex with TEAD4 and the WW domain of YAP with its PPxY sequence-containing ligands were solved and will be discussed in detail [8, 9] . We will shed light on how the cardiac glycoside digitoxin [10] may serve as a lead compound for the development of drugs that could antagonize the oncogenic activity of YAP in cells and animal models, and ultimately be of use in managing cancer in clinics. We will also briefly address PDZ domains that recognize the tail sequence of YAP protein and act as mediators of important regulatory complexes with YAP oncogene, representing potential targets for developing anti-cancer drugs [11] .
Modular structure of YAP1 and YAP2 isoforms
There are two major isoforms of YAP that are derived by differential splicing [12] [13] [14] . These are YAP1, containing one WW domain and YAP2, containing two WW domains ( Fig. 1 ). Actually, this very difference between the two YAP isoforms observed in the process of characterization of various cDNA clones of YAP led to identification of the WW domain as a signaling module [13] [14] [15] . Today, we know that there are more than 2 isoforms of YAP (at least 8), which are generated by differential splicing of short exons located within the transcriptional activation domain of YAP.
The modular structure of both YAP1 and YAP2 contains at the amino terminal region a TEAD factor-binding domain that is located between amino acids 47 and 154 [4] . The first WW domain is located between amino acids 174 and 204, and the second WW domain that is present only in YAP2 is located between amino acids 233 and 263. Both YAP1 and YAP2 also contain an SH3binding motif [12] , and a transcriptional activation domain, the latter located at the carboxy-terminal half of the protein [14] . A PDZ-binding motif composed of 5 terminal amino acids, -FLTWL, critical for nuclear translocation and binding to PDZ domains of ZO-1 and ZO-2 proteins, is located on the very carboxy-terminal end of YAP1 and YAP2 proteins [11] . 
YAP-TEAD complex as a primary target of drugs
The complex between YAP and TEAD proteins is necessary for growth promoting activity of YAP oncogene [12] , therefore it is a subject of intense structure-function analyses. Two groups have solved crystal structures of YAP and TEAD complexes at ∼3Å resolution, revealing interesting molecular details of the binding interface [8, 9] . Two ␣-helices (␣1 and ␣2) of YAP, along with the connecting hydrophobic linker, sequester TEAD in a manner akin to a pair of forceps ( Fig. 2 ). Indeed, three major interaction sites that accommodate the clip are clearly discernible in the TEAD protein in this complex: site 1, where the ␣1 helix fits in a rather large groove of TEAD surface, site 2 that accommodates the linker sequence, and site 3 into which the ␣2 helix of YAP fits snugly [8] . The relatively high resolution of both structures allowed for unequivocal identification of specific residues that make hydrogen bonds, van der Waals contacts and hydrophobic interactions between TEAD and YAP. Notably, the structures provided the rationale for the Y421H disease-causative mutation present in TEAD1, responsible for Sveinsson's chorioretinal atrophy syndrome [8, 16] . The Y421 residue is located in a specific portion of the carboxyterminalregion of TEAD1, which was mapped as the region required for physical and functional interaction with YAP. From the structure, one could deduce that the replacement of Y421 with H eliminated a hydrogen bond with a neighboring S and affected a hydrophobic contact with closely located F, both of these neighboring residues present in YAP. From this rather significant change in molecular contacts, one could predict that the complex between YAP and TEAD1 (one of the four members of the TEAD family of transcription factors) would be affected. Indeed, the prediction was well confirmed by earlier biochemical results showing that the Sveinsson's Y421H mutation abrogated the TEAD1 complex with YAP [17] .
As is evident from the structure itself, and also from the biochemical interrogations of various point mutants of the interface residues in terms of the stability of the complex, it seems that all three sites of interaction act in concert to mediate the YAP-TEAD complex [8, 9] . It is important to stress that the deletion of the short linker sequence in YAP results in a diminished interaction between YAP and TEAD [9] . This conformation closely resembles Fig. 2 . In A is the ribbon structure of the amino-terminal region of YAP (in magenta) in complex with the carboxy-terminal region of TEAD transcription factor (matte gold). Note that YAP clips TEAD structure like a pair of forceps. In B, three major sites on TEAD (shown in green), which accommodate YAP are demarcated in red. The first site binds ␣1 helix, the second side accommodates the linker sequence, and the third site binds the ␣2 helix. See text for more details. Both figures are a gift from Drs. Wan Jin Hong and Hai Wei Song [8] . The permission to reproduce Fig. 2B (from Ref. [8] ) was granted by the authors and the Cold Spring Harbor Laboratory Press.
that of TAZ, the ortholog of YAP, whose amino-terminal TEADbinding region harbors ␣1 and ␣2 helices, but lacks the linker sequence [9, 18] . Since TAZ and TEAD were shown to affect the transcriptional program of cell proliferation and EMT (epithelialto-mesenchymal transition) [2] , it is curious to know how TAZ and TEAD interact. Rather than proposing that TAZ interacts more weakly with TEAD when compared to YAP, we would like to suggest that two molecules of TAZ interact with one molecule of TEAD to form a transcriptional complex. The ␣1 helix of one TAZ molecule and the ␣2 helix of the other TAZ molecule could dock into TEAD's grooves without any constrains from the lack of linker sequence. This scenario would better explain the function of TAZ, whose oncogenic and stemness activities are not weaker compared to those of YAP, but are rather qualitatively different. As two YAP-TEAD complexes form a structure of dimerized heterodimer, perhaps the higher order structure of the TAZ-TEAD complex holds secrets to the differences in signaling between TAZ and YAP.
YAP-TEAD complex is a formidable target for developing new cancer therapeutics. The YAP binding surface should be druggable through the fragment-based strategy approach and one could envision a battery of diverse compounds that could dock into one or any combination of the three binding sites to disrupt or weaken the YAP-TEAD complex. By targeting the function of deregulated Hippo pathway at the level of the nuclear effector of the pathway, one should diminish the potential side effects expected from targeting any of the upstream proteins of the pathway, which are more interconnected with other signaling networks. Because a significant percentage of patients affected by certain cancers, such as cancer of the liver, breast or pharynx, harbor causative amplification or over-expression of the YAP gene [1] , the use of YAP-TEAD inhibiting drugs could be tailored to selected patients for optimal effects.
YAP WW domains and their roles in YAP signaling
In addition to YAP and its paralog TAZ, many other signaling proteins in the Hippo network contain WW domains [19, 20] . Moreover, there are a substantial number of Hippo pathway proteins that contain PPxY consensus sequences (where P is proline, Y is tyrosine and x is any amino acid), which represent a required core motif for ligands of WW domains [19] .
The WW domain is one of the smallest among currently known modular protein domains [15, 21] . The domain is composed of ∼35 amino acids that fold into an anti-parallel triple-stranded ␤-sheet forming a binding pocket for P-rich or P-containing ligands [22] [23] [24] . There are several classes of WW domains based on the ligand preference, but the largest class binds ligands that contain PPxY motif [25] . Curiously, this class of WW domains is represented in the Hippo network [20] . The Y in the PPxY motif must be in the non-phospho state for binding to occur, and when the Y is phosphorylated, it negatively regulates WW domain binding [13, 25, 26] . Therefore, the WW domain shares mechanisms of complex formation used by SH2 (Src homology 2) and SH3 (Src homology 3) domains in terms of regulation of binding by Y phosphorylation and the requirement of consecutive Ps in the ligand, respectively [25] . There are ∼100 WW domains in the human proteome and almost 2000 PPxY motifs scattered within human proteins [20, 27] . Several WW domains, including WW domains of Hippo pathway proteins, show a propensity for dimerization [20] . This molecular feature adds to the functional plasticity of WW domains and the Hippo pathway takes full advantage of these molecular attributes.
Interestingly, over-expression of the human YAP gene with mutated WW domains promoted transformation and migration of breast epithelial cells more efficiently than the wild type controls, suggesting that WW domains of YAP and the complexes they form with cognate proteins convey inhibitory signals [28] . To support this observation we, and others, have documented the existence of functional complexes between YAP WW domain and PPxY motifcontaining LATS1 kinase, as well as between YAP WW domain and PPxY motif-containing AMOTL1 protein [29] [30] [31] [32] [33] . In agreement with the mutational analysis of YAP WW domains published by the team of Kieran Harvey [28] , both LATS1 kinase and one of the cell-to-cell junction proteins, AMOTL1, anchor YAP protein in the cytoplasm, not dissimilar to the action of 14-3-3 protein [3] , therefore inhibiting the proliferative activity of YAP. Based on these observations we speculate that the development of small molecule adaptors or modifiers that would stabilize YAP WW domain complexes could act in synergy with YAP-TEAD inhibitors to check the oncogenic activity of YAP. However, we need to consider more complex scenarios in which YAP WW domains also exert positive effects. YAP and its Drosophila ortholog Yki were shown to form WW domainmediated complexes with proteins that positively regulate cell proliferation. For example, WBP2 (WW domain binding protein 2) [34] was shown to promote tissue growth and cell transformation via YAP and Yki [28, [35] [36] [37] [38] . It is likely that the function of YAP WW domains may vary depending on the cell and tissue context.
To understand the physical basis of the binding of WW domain of YAP to PPxY motifs within LATS1 and AMOTL1, we built appropriate structural models ( Fig. 3a and b) . Our models show that in each case, the PPxY peptides adopt the polyP type II (PPII) helical conformation and bind within the hydrophobic groove of the anti-parallel triple-stranded ␤-sheet fold of the WW domain in a canonical manner [22] [23] [24] 39] . In agreement with our previous study [40] , only the consensus residues within the PPxY motifs appear to be engaged in key intermolecular contacts with specific residues lining the hydrophobic groove of the WW domain. Notably, the pyrrolidine moiety of P0, the first P within each PPxY motif according to our earlier nomenclature [40] , stacks against the indole side chain of W199 in WW domain. The side chains of Y188/T197 within the WW domain sandwich the pyrrolidine moiety of P + 1 within each PPxY motif. The phenyl moiety of Y + 3, the terminal Y within the PPxY motif, buries deep into the hydrophobic groove and is escorted by side chains of L190/H192/Q195 in the WW domain. The various interactions between specific side chains in the WW domain and the PPxY motifs appear to be stabilized by an extensive network of van der Waals contacts and hydrogen bonding. In particular, the H phenolic hydrogen of Y + 3 appears to hydrogen bond with the N␦1 imidazole nitrogen of H192 in the WW domain. We note that non-consensus residues within and flanking the PPxY motifs make no discernable contacts with any residues within the WW domain, but may be important for stabilizing the PPII conformation of the PPxY peptides.
Through in silico analysis, we recently predicted that the cardiac glycoside digitoxin may have affinity for the WW domain of dystrophin with important implications on therapeutic design of small molecule modulators of WW domains [10] . In an effort to test the extent to which WW domains of other proteins may also be targeted by digitoxin, we built a structural model of the first WW domain of YAP bound to digitoxin (Fig. 4 ). Our analysis reveals that digitoxin gravitates to the WW domain of YAP in a manner akin to the binding of canonical PPxY ligands. Thus, digitoxin docks to the canonical hydrophobic groove within the WW domain that is also shared by PPxY ligands. Importantly, digitoxin appears to engage in an extensive network of intermolecular van der Waals and hydrogen bonding contacts with an array of residues, such as Y188, L190, T197 and W199 lining the hydrophobic groove within the WW domain. These residues are also critical for the binding of PPxY ligands. However, other residues such as H192 and Q195 within the WW domain, which also play a key role in the binding of PPxY ligands, do not appear to be important for the binding of digitoxin. That this is so, suggests that digitoxin is unlikely to target all WW domains indiscriminately and that potential opportunities exist for the chemical modification of digitoxin so as to enhance its specificity toward a small group of WW domains involved in regulating a specific signaling cascade such as the Hippo pathway. We believe that digitoxin and its chemical analogs bear the potential to compete with PPxY ligands for binding to the WW1 domain of YAP in a mutually exclusive manner, and thus could be exploited as inhibitors for therapeutic intervention, especially in tissues where YAP WW complexes convey proliferative signals [34] [35] [36] . Since there are some examples of human cancers where YAP was shown to act as a tumor suppressor [41, 42] , enhancing the activity of YAP by inhibiting WW domain complexes could have therapeutic ramifications.
WW domain and fine analysis of protein folding
When the first structure of YAP WW domain was revealed by the collaborative efforts between the group led by Hartmut Oschkinat at EMBL in Heidelberg and the Sudol team at The Rockefeller University in New York, it was amazing to see the compact meander of three ␤ strands formed by less than 30 amino acids and folding without the aid of cofactors or disulfide bonds [22] . In a way, the WW domain defied past predictions stipulating that a stable, autonomous protein fold must be at least 40 amino acids long [21] .
Several laboratories promptly zoomed in on the WW domain as an attractive subject of protein folding studies [43] [44] [45] [46] [47] . They considered that the detailed biophysical analysis of the WW domain would shed light on the mechanism of ␤-strand formation. Two of our colleagues, Jeff Kelly from the Scripps Research Institute in California and Rama Ranganathan from the University of Texas, Southwestern Medical Center provided fine insight into the dynamics of WW domain folding by identifying several residues that are critical for the stability and the dynamics of the fold [43] [44] [45] . The identification of the hydrophobic core of four amino acids, which lie beneath the binding pocket of the domain and form a stabilizing foundation of the WW domain fold, has direct ramifications for explaining the Golabi-Ito-Hall syndrome that is caused by a point mutation in the WW domain of PQBP1 [27, 44] . However, a quantum leap in the study of the WW domain fold came from the cutting edge analysis of the dynamic of WW protein domain folding, which was completed by the team of David E. Shaw, a recognized academician at the Columbia University in New York City [46, 47] . He and his team employed equilibrium simulations of a WW domain and captured eight folding and seven unfolding events that follow the same and well-defined folding pathway [41] . The specialized machine was developed by the Shaw laboratory for elucidating the atomiclevel behavior of proteins on a biologically critical time scale. With such a fine understanding of the WW domain fold, it should be possible to predict and test, at first in silico, a large repertoire of WW domain variants that would display attenuated or enhanced folding and binding activities of the domains, and therefore their host proteins. If so, such WW domain variants could be used either by themselves or as parts of modified YAP genes in gene therapy approaches to modulate the Hippo tumor suppressor network for anti-proliferative outputs. The ultimate aim of such an exercise would be to develop modified genes for managing cancers caused by dysregulation of the Hippo pathway.
The occurrence of a single class of WW domains and its cognate PPxY ligand sequences in the Hippo pathway is remarkable and unmatched by any other known signaling pathway [20] . Because of this unusual concentration of WW domain in the Hippo network, we anticipate a more robust cross-talk via WW domains and PPxY ligand cores among the members of the Hippo network then what was already deciphered. We suggest that the potential for new multi-component complexes and feedback regulatory loops that rely on reiterated use of WW domains in the Hippo pathway is very high.
Nuclear localization of YAP is controlled by its PDZ-binding motif
We have shown that the PDZ-binding motif of YAP, which is composed of 5 terminal amino acids, -FLTWL, is critical for its nuclear translocation [11] . YAP delta C mutant, missing these five amino acids, tends to stay in the cytoplasm [11] . Since this complex regulates a critical step in YAP oncogenic signaling, it deserves further functional and structural analyses. Small molecule inhibitors that mimic the -FLTWL or even -TWL peptide could be of therapeutic value. Targeting the PDZ domain complexes of YAP could be quite successful because the -TWL sequence is present only in three human proteins. Apart from YAP and its oncogenic paralog TAZ, the -TWL carboxy-terminal sequence is found only in the mitochondrial ribosomal protein L43, suggesting that mimetics of this Fig. 3 . Structural models of the WW domain of YAP in complex with PPxY peptides derived from LATS1 (a) and AMOTL1 (b). In each case, the ␤-strands in the WW domain are shown in yellow with loops depicted in gray and the ligand colored green. The side chain moieties of residues within WW domain engaged in key intermolecular contacts with the PPxY peptides are shown in red. The side chain moieties of counteracting residues within the peptides colored blue correspond to the PPxY motif. All structural models were built using the MODELLER software based on homology modeling [55] . For the structural models of WW domain of YAP1 in complex with PPxY peptides derived from LATS1 and AMOTL1, the NMR structure of WW domain of YAP1 bound to a peptide containing the PPxY motif was used as a template (PDB# 1JMQ). In each case, a total of 100 atomic models were calculated and the structure with the lowest energy, as judged by the MODELLER objective function, was selected for further analysis. The atomic models were rendered using RIBBONS [56] . sequence could be specific as drugs because they would not interfere with many other PDZ domain complexes. However, there are quite a few PDZ domains that are likely to bind the -TWL motif, based on comprehensive mapping data with PDZ domains [48] . Nevertheless, a -TWL mimetic could be considered as an inhibitor of proliferative signaling of the Hippo pathway, possibly with moderate or minimal side effects.
An interesting study from the laboratory of Yutaka Hata at the Tokyo Medical and Dental University revealed that dobutamine, a sympathomimetic drug frequently used in the treatment of heart failure and cardiogenic shock, was able to stimulate YAP translocation from the nucleus to the cytoplasm in an osteosarcoma cell line, and it significantly suppressed YAP-TEAD complex-mediated gene transcription [49] . Although the precise mechanism by which Fig. 4 . Structural models of the WW domain of YAP in complex with digitoxin. For the model shown in the figure, the WW domain of dystrophin in complex with digitoxin was used as a template [10] . For more details see legend to Fig. 3 and the text. dobutamine affects YAP is not known, it is conceivable that this drug targets YAP-PDZ complexes. This study is a good example of a tailored, low-throughput screen of approved drugs to uncover desirable inhibitory effects on the oncogenic signaling of the Hippo pathway.
Concluding remarks
The Hippo tumor suppressor pathway has exploded in the past several years as a novel signaling pathway that is directly relevant to human cancer and the biology of cancer stem cells [50] . New discoveries that are relevant to this pathway are reported at a very fast pace. For example, one of the emerging but still unexplored frontiers for the development of new strategies to control oncogenic function of YAP is the competitive relationship of YAP with the family of WW domain-containing ubiquitin ligases [51] [52] [53] . New animal transgenic and knock-out models of Hippo pathway genes have been constructed and are being used now to analyze this pathway at the level of the organism. These will be useful for drug validation efforts. Detailed structural studies of Hippo pathway proteins, as briefly reviewed here, should complement biological studies and impact the search for effective therapies. One of the more elegant approaches, which resulted in promising drug leads for controlling activity of other oncogenes, is the genetic screen of synthetic lethality [54] . Several existing cell culture models of the Hippo pathway are amenable to this approach and may reveal cooperative signals from naturally-occurring biochemical rather than synthetic molecules to bind to the folds of protein domains discussed in this review.
